1. Introduction {#s0010}
===============

Viruses are small obligate intracellular parasites that may contain either an RNA or DNA genome encapsulated by a protective virus-coded protein coat. Both RNA and DNA viruses infect host organisms by entering and replicating in host cells. A virus makes multiple copies of itself in one cell, releases these copies to infect new host cells, and makes more copies. This process ultimately results in disease progression. Virus particles containing the viral genome are packaged in a protein coat called the capsid. This protein coat is surrounded by a lipid bilayer consisting of viral proteins that assist the virus in binding to the host cell membranes. The viral envelope plays a vital role in viral infection, including virus attachment to specific receptors cells. Then the penetration of enveloped viruses through fusion of the viral envelope with the host cell membrane takes place, which may or may not involve receptor-mediated endocytosis, while nonenveloped viruses penetrate through receptor-mediated endocytosis, releasing viral content into the cells and packaging newly formed viral particles. This process involves bringing together newly formed genomic nucleic acid and structural proteins to form the nucleocapsid of the virus.

Viral proteases reveal many new strategies for proteolysis, in addition to cleaving a peptide bond. Proteases have been identified in a wide range of viruses, without any correlation to capsid complexity, lipid envelope, or the nature of their genomes ([@bib0275]). They are found to be present in both enveloped and nonenveloped viruses. The proteases present in various viruses specifically belong to the family of serine proteases as in hepatitis C virus (HCV), *Flavivirus*, and herpesviruses; the family of cysteine proteases as in adenoviruses (AdVs); or the family of aspartyl protease as in human immunodeficiency virus of type 1 (HIV1) ([@bib0345]). The present chapter presents introductory remarks to all kinds of viral proteases that may act simply as an appetizer to the readers, discussing in detail about the different viruses, their structures, functions, and inhibition of their proteases. This chapter first presents the biochemistry of a protease and then introduces briefly about different viruses and their proteases.

2. Biochemistry of proteases {#s0015}
============================

A protease, also called a peptidase or proteinase, is the enzyme that performs proteolysis, that is, protein catabolism by hydrolysis of peptide bonds. Different classes of protease can perform the same reaction by completely different catalytic mechanisms. For catalytic action, proteases or enzymes possess an active site that consists of a binding site and a catalytic site as shown in [Fig. 1.1](#f0010){ref-type="fig"} , both constituting residues. Residues in the binding site form temporary bonds with the substrate and those in the catalytic site catalyze the reaction. The active site in the enzyme is usually a groove or pocket located in a deep tunnel within the enzyme. The residues of the catalytic site are typically very close to the binding site, and some residues can have dual roles, in both binding and catalysis. Once the substrate is bound and oriented in the active site, catalysis can begin.Figure 1.1A representation of a protein structure showing its active site where the binding site is shown in *blue*, catalytic site in *red*, and the substrate (peptidoglycan) in *black*.(Image by Shafee, T. Available from Wikimedia Commons: <https://commons.wikimedia.org/w/index.php?curid=45801894>)

Usually proteases possess a catalytic triad. As shown in [Fig. 1.2](#f0015){ref-type="fig"} , a catalytic triad refers to a group of three amino acid residues that function together at the center of the active site. An acid--base--nucleophile triad is a common motif for generating a nucleophilic residue (usually serine or cysteine amino acid, but occasionally threonine) for covalent catalysis. In three-dimensional structures of the enzyme, the residues of a catalytic triad can be far from each other along the amino acid sequence in the primary structure. Some examples of catalytic triads are Ser-His-Asp, Cys-His-Asp, Ser-His-His, Ser-Glu-Asp, and Ser-*cis*Ser-Lys. Enzymes that contain a catalytic triad use it for one of two reaction types: either to split a substrate (hydrolases) or to transfer one portion of a substrate to a second substrate (transferases). Catalytic triads perform covalent catalysis using a residue as a nucleophile.Figure 1.2Example of a protease \[tobacco etch virus (TEV) protease, TEV\] with a catalytic triad consisting of an aspartate (acid), histidine (base), and serine (nucleophile).The substrate *(black)* is bound by the binding site to orient it next to the triad.(Image by Shafee, T. Available from Wikimedia Commons: <https://commons.wikimedia.org/w/index.php?curid=28958186>)

Proteases can be found in all members of the Animalia, Plantae, Fungi, Bacteria, Archaea, and Virus kingdoms. All proteases can be grouped on the basis of their catalytic residue, and thus they are classified into seven groups ([@bib0415]), namely, serine proteases (serine alcohol), cysteine proteases (cysteine thiol), threonine proteases (threonine secondary alcohol), aspartic proteases (aspartic carboxylic acid), glutamic proteases (glutamic carboxylic acid), metalloproteases (usually zinc), and asparagine peptide lyases (asparagine), where terms within parentheses refer to their catalytic residue. In the enzymes, the residues of the catalytic site are typically very close to the binding site, and some residues can have dual roles in both binding and catalysis.

Proteases are usually involved in breaking long protein chains into shorter fragments by splitting the peptide bonds that link amino acid residues. Some of them that detach the terminal amino acids from the protein chain, such as aminopeptidases and carboxypeptidase A, are called exopeptidases, and some that attack internal peptide bonds of a protein, such as trypsin, chymotrypsin, pepsin, papain, and elastase, are called endopeptidases. The catalytic mechanism of these proteases involves either the activation of a water molecule, which acts as a nucleophile to hydrolyze the peptide bond ([Fig. 1.3](#f0020){ref-type="fig"} , one-step catalysis), or the use of a nucleophilic residue in a catalytic triad to perform a nucleophilic attack that covalently links the protease to the substrate protein, releasing the first half of the product. This covalent acyl enzyme intermediate is then hydrolyzed by activated water to complete the catalysis through the release of the second half of the product and regeneration of the free enzyme ([Fig. 1.3](#f0020){ref-type="fig"}, two-step catalysis). Proteases that adopt the first mechanism are aspartic, glutamic, and metalloproteases and those that adopt second mechanism are serine, threonine, and cysteine proteases.Figure 1.3The two catalytic mechanisms adopted by proteases: one-step catalysis, showing the activation of a water molecule that performs a nucleophilic attack on the peptide bond to hydrolyze it, and a two-step catalysis, showing the use of a nucleophilic residue in a catalytic triad to perform a nucleophilic attack that covalently links the protease to the substrate protein, releasing the first half of the product.This covalent acyl enzyme intermediate is then hydrolyzed by activated water to complete the catalysis by releasing the second half of the product and regenerating the free enzyme. Enzyme is shown in *black*, substrate protein in *red*, and water in *blue*.(Image by Shafee, T. Available from Wikimedia Commons: <https://commons.wikimedia.org/w/index.php?curid=42551231>)

Regarding the specificity of proteases, it is said that proteolysis is highly promiscuous, such that a wide range of protein substrates are hydrolyzed. However, some proteases are highly specific and cleave only the substrate with a certain sequence, for example, tobacco etch virus (TEV) protease, which is specific for the sequence: ENLYFQ/S (where / = cleavage site).

3. Viruses {#s0020}
==========

Viruses can be categorized into two major categories: enveloped and nonenveloped. Further classification is based upon the method of viral mRNA synthesis, that is, the Baltimore classification developed by [@bib0030], depending on their type of genome \[DNA, RNA, single stranded (ss), or double stranded (ds), etc.\] and their method of replication.

3.1. Enveloped/Nonenveloped Viruses {#s0025}
-----------------------------------

Enveloped viruses have a coat of lipids and proteins over which there are projection of spikes. They are able to induce antibody- and cell-mediated immunity. They are less virulent and are often released by budding and rarely cause cell lysis. They are highly sensitive to heat and light, while infectivity gets lost upon drying. Generally, they cannot survive inside the gastrointestinal tract. Their transmission is through blood, secretions, or organ transplantation. On the other hand, nonenveloped viruses have only a capsid protein coat and are more virulent. They have more lytic actions as compared to enveloped viruses, survive longer in host cells, and are more resistant to harsh environmental conditions, and thus survive in the gastrointestinal tract for a long time. Their mode of transmission is via fomites, dust, or intake of contaminated fecal or oral matter. They induce antibodies and can retain their infectivity even after drying. Some of the examples of nonenveloped viruses are *Rotavirus*, hepatitis A virus (HAV), adenovirus (AdV),, etc., and that of enveloped viruses are *Ebolavirus*, HIV, hepatitis B virus, Togavirus, *Flavivirus*, influenza virus, etc.

3.2. DNA and RNA Viruses {#s0030}
------------------------

A DNA virus is a virus that has DNA as its genetic material and replicates using a DNA-dependent DNA polymerase. They can be either dsDNA or ssDNA viruses. ssDNA is usually expanded to double stranded in infected cells. These two classes of DNA viruses are also called as Group I and Group II viruses, respectively. Group I (dsDNA) viruses are highly dependent on the cell cycle of host cell. Before they are able to replicate, they must enter the host cell, where they forcefully induce the cell to undergo cell division. They require host cell polymerases to replicate the viral genome. Examples of Group I viruses are Herpesviridae, Adenoviridae, and Papoviridae. The examples of Group II (ssDNA) viruses are Anelloviridae, Circoviridae, and Parvoviridae, which infect vertebrates; Geminiviridae and Nanoviridae, which infect plants; and the Microviridae, which infects prokaryotes. Most of Group II viruses contain circular genomes, except paroviruses.

RNA viruses are the viruses that have RNA as their genetic material. This nucleic acid is usually ssRNA, but may also be dsRNA. The example of RNA viruses are *Influenzavirus*, HCV, severe acute respiratory syndrome (SARS) *Coronavirus*, and polio and measles viruses. RNA viruses also are dsRNA or ssRNA viruses, which are put in Group III and Group IV or Group V, respectively, according to the Baltimore classification system. Viruses with RNA as their genetic material, but that include DNA intermediates in their replication cycle, are called retroviruses and comprise Group VI of the Baltimore classification. Notable human retroviruses include HIV1 and HIV2 that cause AIDS. Unlike DNA viruses, dsRNA viruses do not require host replication polymerases, rather they replicate in the core "capsid" that is in the cytoplasm. The ssRNA viruses are grouped into positive sense or negative sense according to sense of polarity of RNA. The replication of these viruses occurs in the cytoplasm and is not dependent on the cell cycle, such as that of DNA viruses. Well-known examples of positive-sense ssRNA viruses include picornaviruses \[human rhinoviruses and foot-and-mouth disease virus (FMDV)\], togaviruses (alphaviruses), and flaviviruses \[HCV, West Nile virus (WNV), and yellow fever virus (YFV)\]. The examples of negative-sense ssRNA viruses include viruses, such as measles virus, mumps virus, rabies virus, etc.

4. Viruses containing proteases {#s0035}
===============================

The most important viruses that contain proteases and whose proteases have been exploited to design drugs of high therapeutic values have been mainly alphaviruses, HCV, HIV, picornaviruses, herpesviruses, AdVs, and flaviviruses. We are presenting here a brief discussion of these viruses and their proteases.

4.1. Adenoviruses {#s0040}
-----------------

AdVs are common pathogens of humans, other mammals, and birds. They were first isolated in 1950s while studying the growth of poliovirus in the adenoidal tissue, hence their name ([@bib0520]). It belongs to the family of Adenoviridae, which includes viruses affecting other mammals and birds, and is divided into five genera: *Mastadenovirus*, *Aviadenovirus*, *Atadenovirus*, *Siadenovirus*, and *Ichtoadenovirus* ([@bib0355]).

Besides adenoids, they can also infect other sites, such as the respiratory tract, eye, as well as gut, causing acute respiratory disease, pneumonia, gastroenteritis, and other disorders in humans. AdVs are icosahedral, nonenveloped viruses with a diameter of about 1000 Å, and a viral genome containing about 36,000 base pairs ([@bib0225]). The AdV genome is linear, nonsegmented dsDNA, which is approximately 30--38 kbp that allows the virus to carry 30--40 genes theoretically. In spite of its larger structure, in the Baltimore classification it is still a simple virus that largely relies on the host cell for survival and replication. The viral genome has an interesting feature that it has a terminal 55-kDa protein associated with each of the 5′ ends of the linear dsDNA, which act as primers in DNA replication and ensure that the ends of virus linear genome are adequately replicated. They are highly diversified. In humans there are 51 immunologically distinct human AdV serotypes in 6 species (A--F). Different serotypes are associated with various conditions, such as:•Respiratory disease: mainly species human adenovirus (HAdV) B and C•Conjunctivitis (HAdV B and D)•Gastroenteritis (HAdV F serotypes 40 and 41)

[@bib0565] subdivided the species B into B1 and B2. There could be some correlation between the species and their tissue tropism and clinical properties. Thus the species B1, C, and E are responsible for causing respiratory disease, whereas species B, D, and E can induce ocular disease. [@bib0525] described that species F is the main cause for gastroenteritis, and B2 viruses infect the kidneys and urinary tract. Entry of AdVs into the host cell involves two types of interactions. One of the interactions for HAdV serotypes is via CD46 type of receptor, while another one is by coxsackievirus adenovirus receptor (CAR) serotypes. It was also found that the major histocampatibility complex (MHC) molecules and sialic acid residues also function in the same way. This is followed by secondary interactions, where the penton base protein interacts with an integrin molecule. This is the coreceptor that stimulates the entry of AdV-stimulated cell signaling, that is, entry of virions into the host cell ([@bib0635]).

### 4.1.1. Adenovirus Protease {#s0045}

AdV protease is a cysteine protease. Its structure consists of a central mixed five-stranded β-sheet that is surrounded by helices on both sides. Despite of a unique fold, the arrangement of the catalytic residues of AdV protease is same as that of papain, including the catalytic triad (Cys122-His54-Glu71), as well as the oxyanion hole (Gln115) of the protease. The overall organization of structure is almost similar to that of papain and Picornavirus leader protease, while some positions of structural features are different in the primary sequences of the proteases. The structural conservation of active site suggests that AdV protease is likely to have the same catalytic mechanism as papain ([@bib0115]).

4.2. Alphaviruses {#s0050}
-----------------

Alphaviruses are mosquitoborne small, enveloped viruses belonging to the family of Togaviridae. [@bib0590] classified the virus depending upon the geographical origin: as New World alphaviruses or Old World alphaviruses. Old World alphaviruses, such as Chikungunya virus (CHIKV), O'Nyong--Nyong virus (ONNV), Ross River virus (RRV), Semliki Forest virus (SFV), and Sindbis virus (SINV), cause a fever, rash, and arthralgia syndrome, while New World alphaviruses, such as Eastern equine encephalitis virus (EEEV), Venezuelan equine encephalitis virus (VEEV), and Western equine encephalitis virus (WEEV), typically cause encephalitis in humans and other mammals ([@bib0535]).

Alphaviruses are icosahedral in shape, small, enveloped, and about 70 nm in diameter ([@bib0160], [@bib0340], [@bib0385]). It contains positive-sense ssRNA genome approximately 14 kb in length ([@bib0575], [@bib0600]). Its subgenomic 26S RNA encodes the structural proteins, while nonstructural proteins are translated from genomic RNA ([@bib0070], [@bib0575], [@bib0600]). The two polyproteins are cleaved posttranslationally by viral cysteine and host proteases. The structural proteins (C, E3, E2, 6K, and E1) and their cleavage intermediates are involved in budding and viral encapsidation, while RNA replication takes place by nonstructural proteins (nsP1--4) and their cleaved intermediates also ([@bib0215], [@bib0370], [@bib0600]). After entry, the *Alphavirus* particles undergo disassembly and release genomic RNA into the cytoplasm of infected cells. From the viral genome, translation of nonstructural (P1234) and structural polyproteins takes place from open reading frames ([@bib0180]). There is a *cis*-cleavage between nsP3 and nsP4 to yield P123 and nsP4, which forms an unstable replication complex (RC) and synthesizes negative-strand RNA. The nsP1 and P23 are *trans*-cleaved products of polyprotein, so nsP1, P23, and nsP4 form an RC within virus-induced cytopathic vacuoles that are active in negative-strand synthesis, as well as genomic RNA synthesis, but not in subgenomic RNA synthesis ([@bib0100], [@bib0155], [@bib0280], [@bib0285], [@bib0540]). The negative-strand synthesis is inactivated after complete cleavage to nsP1, nsP2, nsP3, and nsP4, and the synthesis of positive-strand genomic RNA is switched on by the stable RC. The *Alphavirus* nsP2 protein is a multifunctional enzyme with the N-terminus, having RNA helicase, nucleoside triphosphatase (NTPase), and RNA-dependent 5′ triphosphatase (RTPase) activities ([@bib0095], [@bib0235], [@bib0420]), while its C-terminus contains the protease domain ([@bib0375], [@bib0595]). The nsP2 is considered to be an essential protein for viral replication and propagation due to its proteolytic activities ([@bib0300]). The antiviral gene expression is also inhibited after its translocation into the nucleus. The proteolytic activity of nsP2 has been characterized in alphaviruses to be similar to that of papain-like cysteine protease, with a cysteine--histidine catalytic dyad in the active site.

4.3. Flaviviruses {#s0055}
-----------------

Flaviviruses, belonging to the family of Flaviviridae, are a group of nearly 70 enveloped RNA viruses, which cause life-threatening diseases in both humans and animals. Mostly they are arthropodborne viruses and are transmitted to vertebrates via mosquito or tick bites ([@bib0210]). The various members of this genus are Dengue virus (DENV), YFV, WNV, Japanese encephalitis virus (JEV), and St. Louis encephalitis virus (SLEV), all highly pathogenic to humans. According to WHO, DENV (serotypes DENV1--4) causes Dengue fever, which may progress to life-threatening shock syndrome and Dengue hemorrhagic fever. More than 200,000 cases suffering from of YFV and 50,000 cases suffering from Japanese encephalitis virus are reported worldwide every year. Flaviviruses are enveloped viruses, having positive-sense ssRNA genome. They are introduced into the host cell by mosquito or tick during its blood meal. They enter into target cell via receptor-mediated endocytosis. The released RNA encodes a polyprotein precursor.

The *Flavivirus* genome is approximately 11 kb with a 5′ cap structure, but devoid of 3′ polyadenylation tail ([@bib0320]). Both 5′ and 3′ ends play important roles in virus replication, viral protein translation, and virion assembly ([@bib0025], [@bib0150], [@bib0245], [@bib0350], [@bib0455], [@bib0625], [@bib0655]). The released RNA encodes a polyprotein precursor of approximately 3400 amino acids. This polyprotein is processed by host cell signalases and the viral NS2B--NS3 protease (NS2B--NS3pro) into three structural proteins, capsid (C), envelope (E), and membrane protein (M), and seven nonstructural proteins, NS1, NS2A, NS2B, NS3, NS4A NS4B, and NS5. The C-terminal region of NS3 contains an NTPase, a 5′ terminal RTPase, and an RNA helicase ([@bib0645]). NS5 possesses an RNA methyltransferase ([@bib0120], [@bib0125], [@bib0130], [@bib0485]) and RNA-dependent RNA polymerase activities ([@bib0335], [@bib0650]). Together with the viral RNA, viral cofactors, and host cell cofactors, NS3 and NS5 form the virus RC assemble on the intracellular membrane to amplify the viral genome ([@bib0395], [@bib0425]). Therefore, in principle, functional inhibition of the viral NS proteins and/or disruption of the RC underlie target-based anti-*Flavivirus* drug development ([@bib0060], [@bib0315], [@bib0405], [@bib0545]). *Flavivirus* NS3 (69 kDa) is the second largest viral protein after NS5 in the *Flavivirus* genome, and plays several essential roles in the viral life cycle. NS3 has an N-terminal protease chymotrypsin-like domain that cleaves the viral polyprotein precursor to release individual NS proteins, and a C-terminal NTPase-dependent RNA helicase \[with an helicase superfamily 2 (SF2)--like fold\] involved in genome replication and viral RNA synthesis ([@bib0295], [@bib0330]).

### 4.3.1. NS2B--NS3 Protease {#s0060}

The N-terminal domain of NS3 is a chymotrypsin-like serine protease that cleaves the viral polyprotein both in *cis*- and *trans*-forms ([@bib0075], [@bib0080], [@bib0305], [@bib0310]). To function as an active enzyme, the NS3 protease requires the NS2B cofactor ([@bib0140], [@bib0230], [@bib0660], [@bib0670]). NS2B is an integral membrane protein of 14 kDa that contains three domains: two transmembrane segments located at the N- and C-termini and a central region of 47 amino acids (spanning amino acids 49--96) that acts as an essential protein cofactor of the NS3 protease ([@bib0090]). The *Flavivirus* NS3 protein is neither soluble nor catalytically active as a protease in vitro, suggesting that it does not fold properly without the NS2B protein, that must be either provided in *cis*- ([@bib0645]) or in *trans*-form ([@bib0255], [@bib0445], [@bib0640]).

### 4.3.2. NS3 NTPase/RNA Helicase (NS3hel) {#s0065}

The C-terminal domain of the NS3 protein (aa 180--618) belongs to the SF2 family ([@bib0135], [@bib0185]). The overall structure can be broken up into three subdomains. Subdomains 1 and 2 adopt the RecA-like fold ([@bib0480], [@bib0585]) and contain eight conserved motifs essential for RNA binding, ATP hydrolysis, and communication between both binding sites ([@bib0135], [@bib0185], [@bib0465]). The third subdomain forms the ssRNA binding tunnel. There is also an evidence suggesting that subdomain 3 mediates the interaction between NS3 and NS5, and hence disrupting this interaction could constitute a strategy for the design of antiviral compounds ([@bib0065], [@bib0145], [@bib0615]). NS3 also has RTPase activity, which shares the same active site for ATP binding and hydrolysis ([@bib0630]). RNA 5′ triphosphate hydrolysis is the first step for viral RNA capping ([@bib0110]). Viruses carrying a defective or impaired NS3 helicase gene cannot replicate properly, indicating an essential role for NS3 helicase/RTPase activity in virus replication ([@bib0365]).

4.4. Hepatitis C Virus {#s0070}
----------------------

HCV belongs to Flaviviridae family, which also includes other viruses, for example, St. Louis encephalitis virus and WNV, responsible for severe human diseases, such as yellow and Dengue fevers. HCV is an enveloped virus having a 9.6-kb plus-strand RNA genome that encodes a long polyprotein precursor of ∼3000 amino acids ([@bib0515]), which is proteolytically processed by viral and cellular proteases to produce structural (nucleocapsid, E1, and E2) ([@bib0550]) and nonstructural proteins (NS1, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) ([Fig. 1.4](#f0025){ref-type="fig"} ). The structural glycosylated proteins, E1 and E2, act as the ligands for cellular receptors. For HCV entry, human CD81 receptors are required, which bind directly with E2 protein of HCV. This CD81 receptor is a widely distributed cell surface tetraspanin that participates in the formation of molecular complexes on various cell types, such as hepatocytes, natural killer cells, B lymphocytes, and T lymphocytes. Thus HCV not only exploits hepatocytes, but also modulates the host immune response. About 130 million people, estimating about 3% of the global population, are infected with HCV. Chronic HCV infection may lead to progressive liver injury, cirrhosis, and in some cases hepatocellular carcinoma ([@bib0610]).Figure 1.4Diagrammatic representations of structural and nonstructural proteins in a hepatitis C virus (HCV) RNA genome.*NTR,* Nontranslated region.(Image by Colm, G. Available from Wikimedia Commons: <https://commons.wikimedia.org/wiki/File:HCV_genome.png>)

### 4.4.1. HCV Protease {#s0075}

One of the HCV proteases that is responsible for viral replication in the cell cycle, is NS3-4A, a serine protease, which is a noncovalent heterodimer consisting of a catalytic subunit NS3 (the N-terminal one-third of NS3 protein) and an activating cofactor NS4A protein. NS3-4A has been considered as one of the most attractive targets for developing novel anti-HCV therapies. NS3 is also known as p70, a 70-kDa cleavage product of HCV polyprotein. A cleavage has to occur between NS2 and NS3 for the catalytic activity of NS3, and this is done by NS2-3 protease, an enzyme responsible for catalytic cleavage. Structural studies have confirmed that NS3 protease is a chymotrypsin-like serine protease with a catalytic triad of Ser139-His57-Asp81 ([@bib0040], [@bib0075], [@bib0080], [@bib0190], [@bib0380]). Its crystal structure has been well characterized ([@bib0105], [@bib0390], [@bib0475]). The protease contains two β-barrels and a 30-residue extension at the N-terminus. The C-terminus, which is two-third of NS3, has helicase activity and is located in the active site of NS3 protease domain. The zinc ion also plays a vital role in the stabilization of the enzyme structure and is coordinated by three cysteine residues (Cys97, Cys99, and Cys145) and a histidine residue (His149).

4.5. Herpes Viruses {#s0080}
-------------------

Herpes viruses are enveloped dsDNA viruses that cause diseases in animals, as well as humans. They belong to Herpesviridae family of viruses. The Herpesvirus Study Group of the International Committee on the Taxonomy of Viruses has divided the herpes viruses into three subfamilies, termed α-Herpesvirinae, β-Herpesvirinae, and γ-Herpesvirinae. The members of α-Herpesvirinae subfamily are characterized by a variable host range, a short replicative cycle in the host, rapid growth and spread in cell culture, and the establishment of latent infections in sensory ganglia ([@bib0505]). They are often referred to as neurotropic herpesviruses. Among the human herpesviruses (HHVs), herpes simplex virus 1 (HSV1), herpes simplex virus 2 (HSV2), and varicella zoster virus (VZV) belong to the α-Herpesvirinae subfamily. The β-Herpesvirinae members are characterized by a restricted host range with a long reproductive cycle in cell culture and in the infected host, which often results in the development of a carrier state. Latency is established in lymphocytes, secretory glands, and cells of the kidney, as well as other cell types ([@bib0260], [@bib0505]). The members of this subfamily are HHV6, HHV7, and cytomegalovirus (CMV). In another subfamily, γ-Herpesvirinae, which is characterized by a restricted host range with replication and latency occurring in lymphoid tissues, some members have demonstrated lytic growth in epithelial, endothelial, and fibroblastic cells ([@bib0250]). In lymphoblastic cells, viral replication is restricted to either T or B cells. The γ-Herpesvirinae subfamily is further divided into two genera, *Lymphocryptovirus* and *Rhadinovirus*. Among the HHVs, Epstein--Barr virus (EBV) is a member of the *Lymphocryptovirus* genus, while the newly discovered HHV8 is a member of the *Rhadinovirus* genus.

The icosahedral nucleocapsids of herpesviruses have diameter of about 1250 Å. The genomes are between 130 and 250 kbp. They consist of four distinct components: the core, capsid, tegument, and envelope ([@bib0500]). The core consists of 162 capsomeres and a dsDNA genome arranged in a torus shape that is located inside an icosadeltahedral capsid that is approximately 100 nm in size ([@bib0165]). Tegument is an amorphous structure located between the capsid and the viral envelope that contains numerous proteins. Its structure is generally asymmetrical ([@bib0495]). Presumably, the tegument is responsible for connecting the capsid to the envelope and acting as a reservoir for viral proteins that are required during the initial stages of viral infection ([@bib0035], [@bib0430]). The herpes virion's outermost structure is enveloped, which is derived from cell nuclear membranes and contains several viral glycoproteins (gps). The size of mature herpesviruses ranges from 120 to 300 nm, owing to differences in the size of the individual viral teguments. Cellular entry of infectious virus involves the attachment to a cell surface receptor followed by fusion of the outer viral envelope with a cell membrane. The genomic DNA is transported through the cell nuclear membrane into the nucleus, where transcription and replication occur.

### 4.5.1. Herpesvirus Protease {#s0085}

Herpesvirus protease is required for the life cycle of virus, as it carries out the maturational processing of the viral assembly protein. It was first identified in 1991 from studies on HSV1 and HCMV. The assembly protein is required to form a scaffold required for the formation of herpesvirus capsid. A temperature-sensitive mutant of HSV1 is not able to package the viral genome and produces empty capsids at the nonpermissive temperature ([@bib0175], [@bib0460]), confirming the functional requirement of protease in completion of viral life cycle and spread of virus. The protease and assembly proteins are encoded by overlapping genes. The gene for the assembly protein uses the 3′ portion of the gene for the protease. The maturational processing of the assembly protein occurs at M-site adjacent to C-terminus of assembly protein. Additionally, the protease catalyzes cleavage at R-site, which releases an N-terminal fragment of about 250 residues from the full-length protease gene product. The N-fragment retains all catalytic activity of the protease protein, and is generally referred to as the herpesvirus protease. In HCMV protease, two additional cleavages are catalyzed by an enzyme within the protease itself at the residues 143 and 209. The cleavage at residue 143 produces a two-chain form of the protease that is still catalytically active ([@bib0220], [@bib0410]). In solution, herpesvirus protease exists in monomer--dimer equilibrium, where the dimer is the only active form. The crystal structures of all herpesvirus proteases have a novel polypeptide backbone of serine proteases. It contains a central, mostly antiparallel, seven-stranded β-barrel, which is surrounded by eight helices. The active site of the protease contains a novel Ser132-His63-His157 catalytic triad. The first two residues, Ser132 and His63, are determined from biochemical and mutagenesis studies, while the third one, His157, is not fully understood, but its removal can lead to a loss of catalytic activity by \>20,000-fold.

4.6. Human Immunodeficiency Virus of Type 1 {#s0090}
-------------------------------------------

The HIV is an enveloped retrovirus with a positive-sense RNA genome. It belongs to the genus Lentivirdae ([@bib0225]). HIV is of two types, HIV1 and HIV2, where HIV1 was found to be the causative agent of AIDS ([@bib0170]). These viruses store their genetic information as ribonucleic acid (RNA), while most viruses do so as deoxyribonuleic acid (DNA). Before viral replication can take place, the RNA must be converted to DNA by reverse transcriptase (RT) enzyme. HIV1 has an outer envelope consisting of a lipid bilayer with spikes of glycoproteins (gp), gp41 and gp120. These gps are attached in such a way that gp120 protrudes from the surface of the virus. Inside this envelope is a nucleocapsid (p17), which surrounds a central core of protein, p24. The core contains two copies of ssRNA (the virus genome). Gene expression is believed to be regulated by proteins, p7 and p9, that are bound to the RNA. Multiple molecules of the enzyme reverse transcriptase are found in the core. This enzyme is responsible for converting the viral RNA into proviral DNA ([@bib0010]). HIV particles are spherical with a diameter of about 1000 Å. RNA genome of nucleocapsid is about 13 kbp in length. Upon entry into the host cell, the viral RNA is transcribed to DNA that integrates with host genome to produce the provirus. HIV1 infection leads to impairment of immune cells, mainly CD4^+^ T cells, monocytes, and macrophages, that ultimately about after 10--15 years leads to AIDS, which is characterized by low CD4^+^ cell counts. It is estimated that about 36 million people worldwide are affected by this virus. HIV1 transmission takes place by sexual contact, contaminated needles, vertical transmission from mother to child, blood transfusions, blood products, and organ/tissue transplants ([@bib0400]). Various neurological complications affecting the nervous system have been seen in HIV-infected individuals. These include rare opportunistic infections and neoplastic diseases, such as cerebral toxoplasmosis, cryptococcal meningitis, and primary central nervous system lymphoma, as well as syndromes caused by or directly related to HIV1 infection, such as dementia and various neuromuscular complications ([@bib0270]). As the immune system of HIV1-infected people becomes weak, opportunistic infections can also occur by organisms, such as bacteria, viruses, fungi, and parasites ([@bib0555]).

### 4.6.1. HIV1 Protease {#s0095}

HIV1 protease plays a major in viral maturation, which is important for the production of infectious virus particles. It is an aspartic protease and the catalytic site has the characteristic Asp-Thr-Gly (Asp25, Asp26, and Asp27) sequence common to all aspartic proteases. It is a symmetric homodimer consisting of 99 amino acids per monomer ([Fig. 1.5](#f0030){ref-type="fig"} ). The protease contains a β-sheet with the two aspartic acids Asp25 from the two monomers, forming the central active site. The active site cavity, the flexible flaps, and the dimer interface are three important regions of the protease structure. Protease inhibitors are competitive inhibitors that bind at the active site of the protease with the flaps folded into a closed conformation over the active site. The flaps were seen in closed and open conformations in the crystal structures of inhibitor-bound, as well as free protease ([@bib0325], [@bib0435], [@bib0510], [@bib0560], [@bib0580]). This process of opening and closing of the flaps enables the substrate to enter and leave the active site of protease. Inhibitor bound at the active site with the flaps in closed conformations keeps the enzyme in a locked-down state and prevents the processing of substrates. The protease active site cavity comprises the residues Arg8, Leu23, Asp25, Gly27, Ala28, Asp29, Asp30, Val32, Lys45, Ile47, Met46, Gly48, Gly49, Ile50, Phe53, Leu76, Thr80, Pro81, Val82, and Ile84. The residues forming the substrate-binding site are mainly hydrophobic in nature; the exceptions are the catalytic residues Asp25 and Asp29, which form hydrogen bonds with the peptide main chain groups, and Arg8, Asp30, and Lys45, which can interact with polar side chains or distal main chain groups in longer peptides ([@bib0620]).Figure 1.5The human immunodeficiency virus type 1 (HIV1) protease dimer *(green and cyan)* with active site Asp25 *(red)* complexed with a polypeptide substrate *(magenta)*.(Image available from Wikipedia: <https://en.wikipedia.org/w/index.php?curid=18176790>)

4.7. Picornaviruses {#s0100}
-------------------

Picornaviruses are small, nonenveloped viruses, having positive-sense ssRNA genome, and belong to the family of Picornaviridae ([@bib0470]). This family consists of 46 species having 26 genera, the best known are *Enterovirus* (poliovirus, rhinovirus, coxsackievirus, and echovirus), *Apthovirus* (FMDV), *Cardiovirus* (encephalomyocarditis virus, EMCV), Thieler's virus, and *Hepatovirus* (HAV) ([@bib0265]). The diameter of picornaviruses is about 300 Å. Replication begins with the attachment of the virus to a specific cellular receptor that leads to virus internalization and destabilization of the capsid and release of the genome from the endosome into the cytoplasm ([@bib0050]). After binding to the receptor, the virus uses host and viral proteins to complete its replication cycle ([Fig. 1.6](#f0035){ref-type="fig"} ). In fact, to complete a round of infection, a number of complex activities are performed and coordinated. These include replication of the plus-strand RNA via minus-strand intermediates, translation, proteolytic processing, inhibition of host cell transcription/translation, virion assembly, and cell lysis.Figure 1.6Overview of the picornavirus replication cycle.*IRES,* Internal ribosome entry site.(From Cathcart, A.L., Baggs, E.L., Semler, B.L., 2014. Picornaviruses: Pathogenesis and Molecular Biology. Reference Module in Biomedical Sciences, third ed. Elsevier, UC, Irvine, (pp. 1--13).)

### 4.7.1. Picornavirus Proteases {#s0105}

The viral genome, having about 8000 bases, encodes a single polyprotein, which is processed cotranslationally by proteases including the 3C, 2A, and leader proteases ([@bib0240], [@bib0290], [@bib0470], [@bib0530]). Most of the processing is carried out by 3C, while 2A and leader proteases are present in only some of the picornaviruses. The 2A protease catalyzes the release of structural polyprotein at the N-terminus, while the leader protease releases itself from the polyprotein located at C-terminus ([@bib0605]). The 2A and leader proteases also inhibit host cell protein synthesis by cleaving host cell eukaryotic initiation factors 4G (eIF4G) during translation from 5′ capped mRNA of the host cells, whereas translation from viral mRNA is not affected ([@bib0470]). It has been found recently that cleaved eIF4G can still support translation from capped mRNA, but not as efficiently as from viral RNA ([@bib0015]). Additionally, other enzymes can also cleave eIF4G, including 3C protease of FMDV ([@bib0045]), HIV protease ([@bib0680]), cellular caspases, and other proteases ([@bib0665]).

The 3C and 2A proteases are cysteine proteases ([@bib0275]), as they both contain a Gly-X-Cys-Gly motif, similar to that of the active site of chymotrysin-like serine proteases, which is Gly-Asp-Ser-Gly ([@bib0040], [@bib0085], [@bib0665]). Crystal structures of these proteases present in picornaviruses and other viruses, such as HAV and human rhinovirus 2 and 14, confirm that they are chymotrysin-like serine proteases ([@bib0020], [@bib0055], [@bib0360]; [@bib0685], [@bib0440], [@bib0570]). The 3C protease of human rhinovirus 14 (HRV14) has 182 residues, while 2A protease of HRV2 has 142 residues ([@bib0440])

The active site of 3C protease of HRV14 contains a catalytic triad of Cys147-His40-Glu71, while in HAV 3C protease Glu71 is replaced by Tyr143. The catalytic triad of 2A proteases of HRV2 contains Cys106, His18, and Asp35. Crystal structures of the FMDV leader protease has confirmed that it is also a papain-like cysteine protease having 150 residues, with a catalytic triad of Cys51, His148, and Asp175 ([@bib0195], [@bib0205], [@bib0200], [@bib0450], [@bib0490], [@bib0570]). This leader protease contributes to the inhibition of host protein synthesis by cleaving eIF4G at a different site than that of 2A.

5. Conclusions {#s0110}
==============

All of the prominent viruses, namely AdVs, alphaviruses, flaviviruses, HCV, herpesviruses, HIV1, and picornaviruses, contain proteases that play crucial roles in their replication and thus are important targets for the discovery of potent antiviral drugs. The process of protein catabolism by hydrolysis of peptide bond is catalyzed by the enzyme called protease. It may also be known as peptidase or proteinase. Different classes of protease can perform the same reaction by completely different catalytic mechanisms. The catalytic mechanism of these proteases involves either the activation of a water molecule, which performs a nucleophilic attack on the peptide bond to hydrolyze it or uses a nucleophilic residue in a catalytic triad to perform a nucleophilic attack that covalently links the protease to the substrate protein, releasing the first half of the product. Regarding the specificity of proteases, it is said that proteolysis is highly promiscuous, such that a wide range of protein substrates are hydrolyzed. Proteases, being proteins themselves, are cleaved by other protease molecules, sometimes of the same variety. Some proteases, such as TEV protease, have high specificity and cleave only a very restricted set of substrate sequences. Virus proteases are now extensively studied so that they can be exploited for drug development.
